Abstract Chickpea starch was subjected to triple retrogradation cycle with time intervals of 24, 48 and 72 h. The impact on in vitro digestibility, functional, pasting and structural characteristics was investigated. Compared to native chickpea starch, the resistant starch (RS) content of triple retrograded starch was significantly increased with increased retrogradation time whereas slowly digestible starch content was decreased. Water binding capacity and solubility of triple retrograded starch were significantly increased whereas swelling power and pasting properties were decreased. Triple retrograded starches showed B type and B ? V type crystalline structure. After triple retrogradation, the organised granular structure was disrupted, irregularly shaped particles were formed showing porous, coarse, filamentous network structure. FT-IR spectra perceived a slight change in percentage intensity of C-H stretch of triple retrograded starches (TRSs). Triple retrogradation was observed to be a promising methods for RS product.
Introduction
Chickpea (Cicer arietinum L.) is that the largest created food legume in South Asia and also the third largest created food legume globally (Gaur et al. 2010) . Starch is the most abundant carbohydrate in chickpea and is taken into account to be competitive within the food industry (Goni and Valentín-Gamazo 2003) . Resistant starch (RS) has recently gained attention as a purposeful food ingredient, as a result of its potential health benefits and useful properties in foods (Sajilata et al. 2006) . RS has been classified into four general subtypes namely type I (RS1), type II (RS2), type III (RS3) and type IV (RS4) on the basis of the reason for resistance to digestion (Englyst et al. 1992) .
Starch associations by the retrogradation method manufactured the thermally stable enzyme-resistant starch, which is classified as the RS3 type (Englyst et al. 1992) . Among the ways used to increase RS3 yield, acid hydrolysis of amylomaize starch (Vasanthan and Bhatty 1998) and repeated freeze-thawings (Chung et al. 2003) are the most widely investigated. In general, several ways involving physical, chemical and enzymatic transformations are used to change the properties of starch that enhance health attributes and/or minimise defects in the structure. Starch retrogradation, as well as short retrogradation and long run retrogradation, is an inevitable development that gelatinized starch changes from associate amorphous state to a crystalline area (Tian et al. 2009 ). The formation of RS is influenced by a variety of things together with the amylose content and chain length of molecules, autoclaving (gelatinization) temperature, storage (retrogradation) time period and temperature of starch gels (Eerlingen et al. 1993) . Ashwar et al. (2016) reported that reduction of swelling index and low pasting properties enhanced the resistant starch (30.31-38.65 %) in treated rice starch samples throughout autoclaving-retrogradation treatment. A significant raise in water solubility and water binding capacity was discovered as a result of heating and autoclaving methods in RS production (Ozturk et al. 2011) . Results of investigations show that RS preparations are suitable for food products that need high water binding capacity (Ozturk et al. 2011) . Hence the objective of the study was to determine the effect of triple retrogradation on characteristics of resistant starch.
Materials and methods

Materials
Desi chickpea (Cicer arietinum L.) was obtained from Tamil Nadu Agricultural University, Coimbatore. Starch was isolated from chickpea by the method of Vasanthan (2001) . This isolated starch was used for the preparation of triple retrograded starch. Analytical grade chemicals and reagents were used for analysis.
Preparation of triple retrograded chickpea starch
Triple retrograded chickpea starch was prepared in triplicate according to the method of Xie et al. (2014) with slight modifications. Triple retrogradation treatments can be described as follows: chickpea starch (25.0 g) and distilled water (50 ml) were placed in a 150 ml glass container, sealed, and heated in boiling water at 121°C for 30 min. The resultant gel was hermetically sealed and stored at 4°C for 24, 48, and 72 h respectively to perform one cycle of retrogradation treatment. The retrograded samples were heated in boiling water for 30 min again and subjected to three cycles of retrogradation treatment with time intervals of 24, 48 and 72 h. Under these conditions, chickpea starch was treated successively by triple retrogradation to perform 3 cycles. After treatment, each of resulting gel was cut into pieces (\5 cm in length and thickness), then oven dried at 45°C temperature for 4-6 h. All samples were milled to pass through a 100-mesh sieve to obtain the starch products. The moisture contents of the triple retrograded starches (TRSs) were in the range of 11.14-11.31 %.
In vitro digestibility profiles of native chickpea starch and triple retrograded starches
The in vitro digestibility of the starch samples was analyzed by the standard method of Englyst et al. (1999) with some modification. Briefly, starch sample (200 mg, dry base) was hydrolyzed by a mixed enzyme solution of porcine pancreatic a-amylase (290 U/ml) and amyloglucosidase (15 U/ml), where U is defined as the amount of enzyme that liberates 1.0 mg glucose from starch in 1 min at pH 5.2 and 37°C. Phosphate buffer (15 ml, 0.2 mol/l, pH 5.2) and five glass balls (10 mm in diameter) were added to each of the conical tubes containing the sample (200 mg, dry forms). After equilibration at 37°C for 5 min, the enzyme solution (5 ml) was added to the sample tube, followed by incubation in a water bath at 37°C with shaking (170 rpm). Aliquots (0.5 ml) were taken at intervals of 20 and 120 min and mixed with 4 ml of 80 % ethanol to deactivate the enzymes. The mixed solution was centrifuged at 2000 rpm for 10 min, and the glucose content in the supernatant was measured using the glucose oxidase/peroxidase (GOPOD) assay kit (Englyst et al. 1992) .
RDS ð%Þ ¼ G20 Â 0:9
Functional properties of native chickpea starch and triple retrograded starches
Water binding capacity
The procedure described by the method of Yamazaki (1954) with slight modification. Starch (5.0 g., dry basis) was added to 75 ml distilled water in a tarred 100 ml centrifuge bottle. The bottle was stoppered and agitated on a wrist-action shaker for 1 h. It was then centrifuged for 10 min at 22009g, the water was decanted, and the bottle was tipped up and allowed to drain for 10 min more. The bottle was weighed and the amount of water held by the starch was determined. The water binding capacity was calculated from the formula below %Water binding capacity ¼ Grams of bound water Dry weight of the starch Â 100
Swelling power and starch solubility
Swelling power and starch solubility of the starches were determined by the method of Gani et al. (2010) . Starch suspensions (1 %,w/v) were prepared in a flask, heated to 90°C for 30 min with shaking every 5 min and left for cooling to room temperature and centrifuged for 15 min at 30009g. The supernatant was decanted and the residual volume was determined. The solid part was dried in an oven for 2 h at 130°C.
Pasting properties of native chickpea starch and triple retrograded starches
Pasting properties of native chickpea starches and triple retrograded starches were evaluated with Rapid Visco Analyzer (RVA) (RVA Tech Master, Perten Instruments, Japan) according to the method described by Noda et al. (2004) .
Structural properties of native chickpea starch and triple retrograded starches X-ray diffraction (XRD)
The procedure described earlier (Surendra Babu et al. 2015b) was followed with slight modification. X-ray diffraction patterns of starch samples were obtained using a Powder X-ray diffractometer (Rigaku Mini Hex-II, Japan). X-ray intensity of starch was affected by moisture content samples were conditioned to 75 % relative humidity before taking the X-ray diffraction pattern. The graphs were plotted between the 2h angles of 10 and 60 and smoothed with the software PowderX (Chinese Academy of Sciences, Beijing). The percentage crystallinity of the starches was calculated by using the method of Nara and Komiya (1983) with the Origin-version 6.0 software (Microcal Software, Inc., Northampton, MA 01060 USA).
%Crystallinity ¼ Area under peaks Total area Â 100
Scanning electron microscope (SEM)
The procedure described earlier (Surendra Babu et al. 2015a) was followed with slight modification. Starch granules were observed using a Scanning Electron Microscope (SEM) (JEOL-Model 6390, Japan). The samples were fixed with a conductive tape of copper of double glue, which was covered with a layer of coal of 20 nm thickness. It was deposited at vacuum with an evaporator in a JEOL electron microscope. Later on, it was covered with a layer of gold of 50 nm of thickness in the ionizer of metals JEOL. This was observed in the microscope and registered photographically. Film pieces were mounted on aluminum stubs using a double-sided tape and then coated with a layer of gold (40-50 nm), allowing surface and cross-section visualization. All samples were examined using an accelerating voltage of 5 kV.
FT-IR spectroscopy
The procedure described earlier (Surendra Babu et al. 2015a ) with slight modification. The infra-red spectra of all the starch samples were attained with an FT-IR spectrometer (Brucker, . The equipment was operated with a resolution of 2.0 cm -1 and scanning range of 4000-370 cm -1 . The sample was mixed with KBr (1:100, w/w) before acquisition and the background value from pure KBr was acquired before the sample was scanned.
Statistical analysis
The data were analysed using an SPSS version 16.0. The mean and standard deviation of the triplicate analyse of the samples were calculated. Analysis of Variance (ANOVA) was performed to determine significant differences between the means, while the means were separated using the least significant difference (LSD).
Results and discussion
In vitro digestibility profiles of native chickpea starch (NCPS) and triple retrograded starches Rapidly digestible starch (RDS), slowly digestible starch (SDS) and resistant starch (RS) contents of the NCPS and TRSs (TRS24, TRS48 and TRS72) are presented in Fig. 1 . The results showed that RS content of TRS24h, TRS48h and TRS78h were 53.54, 59.42 and 60.75 % in respectively and it was significantly (P \ 0.05) higher than native chickpea starch (40.16 %). Hughes et al. (2009) also reported that RS content of NCPS was in the range of 24.14-40.57 %. The RS content of TRSs increased with increased retrogradation time from 24 to 72 h. The RDS content of TRS24 (11.93 %), TRS48 (14.25 %) and TRS72 (10.43 %), was significantly (P \ 0.05) higher than NCPS (7.78 %) whereas SDS content of TRSs such as TRS24 (34.55 %), TRS48 (26.31 %) and TRS72 (28.81 %) was significantly (P \ 0.05) less than NCPS (52.05 %). Chung et al. (2009) reported increase of RDS, RS and decrease of Fig. 1 In vitro digestibility profiles of native chickpea starch and triple retrograded starches. All values are means of triplicates ± standard deviation. Different letters on top of the bars indicate significant differences (P \ 0.05) among treatments in % starch fractions. RDS, SDS, RS indicate rapidly digestible starch, slowly digestible starch and resistant starch respectively. NCPS native chickpea starch, TRS24h, TRS48h and TRS72h represent triple retrograded starches 24, 48 and 72 h SDS when unmodified corn, pea and lentil starches were subjected to annealing and heat-moisture treatment. Dundara and Gocmen (2013) reported that the RS yield of starch increased from 24.94 % (24 h-storage time) to 30.41 % (72 h-storage time) at an autoclaving temperature of 145°C. The increase in RDS and decrease in SDS on triple retrogradation may have been due to disruption of double helices forming the starch crystallites at the granule surface and/or to crystallite reorientation (Chung et al. 2009 ). The increase in RS and decrease in SDS during modifications suggested the partial transformation of SDS to RS. Eerlingen et al. (1993) reported that yield of RS largely depended on storage time and temperature and that storage temperature influenced the type of RS crystals (A or B, X-ray diffraction pattern) formation. Vasanthan and Bhatty (1998) studied the impact of retrogradation and annealing on the resistant starch content of amylomaize, barley, field pea, and lentil starches and the study indicated that the RS content of retrograded starch gels (6-9 %, w/w) were higher than the native starches (3-5 %, w/w).
Functional properties of NCPS and triple retrograded starches
Functional properties including WBC, Solubility and swelling power of NCPS and TRSs are presented in Table 1 .
Water binding capacity
Water binding capacity of NCPS, TRS24h, TRS48h and TRS72h was 93.59, 141.91, 153.53 and 159.59 % respectively. This result was consistent with Polesi and Sarmento (2011) who studied that RS from chickpea and observed the similar effect on hydrolysis and heat treatment water absorption index. An increased water binding capacity was observed in retrograded starches may be the result of a change in molecular structure or any other mechanisms leading to an easier mobility of the starch, where leaching of starch was also observed (Govindasamy et al. 1996) .
Solubility and swelling power
The solubility of TRS was significantly (P \ 0.05) higher than NCPS whereas swelling power was reduced. Similarly increased water solubility and decreased swelling power were observed by Reddy et al. (2013) for kidney bean starch. The solubility of the treated starches was increased with increase in storage time from 24 to 72 h whereas swelling power was decreased. Water solubility is often used as a degradation indicator of molecular components. The increase in solubility might have occured as a result of changes in the molecular structure or as an independent mechanism that results in the mobility of the starch elements, leading to the leaching of carbohydrates from molecules involved (Govindasamy et al. 1996) . Consequently, the treatment of chickpea starch with retrogradation may lead to the depolymerization of amylopectin, making the starch lose the ability to hold absorbed water and swell (Wang and Wang 2003) .
Pasting properties of NCPS and triple retrograded starches
The pasting properties of the NCPS and TRSs are summarized in Table 2 . Significant differences (P \ 0.05) in pasting properties among NCPS and TRSs were determined. Triple retrograded starches had lower peak, trough, breakdown, final, setback viscosities and peak time, whereas NCPS showed the highest values for these parameters. Among TRSs TRS48h showed the highest value for these parameters except peak time. These observations were in agreement with those reported by Ashwar et al. (2016) in RS from the rice. RS content of NCPS was less moreover viscosity of the starch was high. Triple retrogradation increased the RS content; consequently viscosity was decreased in TRSs. Gelencser et al. (2008) also stated that there was an inverse proportionality between RS content and viscosity of the starches. The partial hydrolysis of starch produces short linear and branched chains from crystalline and amorphous regions, which results in a product with reduced paste viscosity and low ability to form a gel (Polesi and Sarmento 2011) . Significant reduction in swelling index of treated starch could be responsible for lowering of peak viscosity (Ashwar et al. 2016 ).
Structural properties of NCPS and triple retrograded starches
XRD and relative crystallinity
The X-ray diffraction pattern of NCPS and TRSs is presented in Fig. 2 . NCPS showed type-C crystallinity pattern (Table 1) , with intermediate intensity peak at diffraction angles of 2h = 15.5°and strong peaks at 2h = 17.6°and 23.8°. This pattern is characteristic of starch from legume and consists of a mixture of both types A and B crystalline structures (Huang et al. 2007 ). TRS24 showed type-B crystallinity pattern (Table 1) with intensity peaks at diffraction angles of 2h = 14.5°, 17.0°, 18.6°, 22.1°and 24.1°. This result was agreed with the results of Polesi and Sarmento (2011) who reported that type-B crystallinity pattern for chickpea retrograded starches. TRSs (TRS48 and TRS72) showed a mixture of B-type and V-type crystalline pattern (Table 1) with intensity peaks at diffraction angles of 2h = 14.3°and 14. 4°, 17.1°and 17.3°, 19.6°and 19.7°, 22.2°and 22.4°, 24.4°and 24.1°respectively . This was consistent with results of Miao et al. (2009) who reported a mixture of B and V-type crystalline pattern for RS of waxy rice. It could be observed that the peak 2h = 23.8°of NCPS disappears and the doublet emerges at 2h = 22.1°and 24.1°i n TRSs; these results strongly indicated that the change occurred in the crystalline starch structure. A similar pattern of change was observed by Leong et al. (2007) for sago starch (Metroxylon sago) treated with pullulanase, autoclaved and retrograded. The change in crystalline pattern was consistent with a previous report during the preparation of resistant starch from maize starch, the appearance of a peak at 19.77°2 h might contribute to the disappearance of an amorphous region based on amylopectin, which might be caused by the retrogradation that occured at a low temperature (Frost et al. 2009 ). The degrees of crystallinity were higher in TRSs than NCPS. This result was in agreement with the results of Zhou et al. (2014) who stated that increasing crystallinity pattern in dual modified indica rice RS. This was due to transformation of amorphous amylose into a double helix structure during the autoclaving and cooling processes, and this in turn, resulted in a more orderly crystallite (Zhang et al. 2014) .
Scanning electron microscopy (SEM)
NCPS showed large oval shaped granules, small spherical shaped granules and a smooth granular surface of starch with no evidence of any fissures (Fig. 3) . Similar observations for starches from Indian chickpea cultivars have been reported by Singh et al. (2004) . The shape of the starch granules in the different legumes varied from oval to elliptical or spherical (Singh et al. 2008) . Triple retrogradation influenced the granule morphology of NCPS. After triple retrogradation, the granular structure was disrupted, some granules with little holes on the surface appeared and Zhang and Jin (2011) . TRSs showed more crystallinity and formed a larger structure. This was attributed to retrogradation of more amylose chains, which resulted in the reorganization of the starch structure into a helical complex. This increased a density of the crystal structure greatly increased its resistance to enzyme attack (Zhang and Jin 2011) .
Fourier transform infrared (FTIR) spectroscopy
The FT-IR spectra of NCPS and TRSs are illustrated in Fig. 4 . In the present study, all the characteristic peaks observed in NCPS were also noticed in TRSs. The absorption intensity of TRSs in the band from 800 to 1200 cm -1 was weaker than that of NCPS; this indicated that certain conformation changes had occurred in retrograded starches. This might be due to reflects of C-C, C-OH and C-H stretching vibration (Zhang et al. 2010) . Changes in starch polymer conformation, and the process of hydration (Wei et al. 2011) . The peak at 900-950 cm -1 in the infrared spectrum of all starch samples was an evidence for the vibration of the glycosidic linkage. The absorption band at 1367.22 cm -1 (corresponding to the bending vibration of -CH 2 OH) of TRSs were narrower than that of NCPS. This was due to changes in the combinations of hydrogen bonds generated during the formation of RS which might have contributed to this difference (Zhang et al. 2014) . The sharp band at 2932 cm -1 was a characteristic of C-H stretches associated with the ring hydrogen atoms. The percentage intensity of C-H stretch of TRSs was decreased slightly compared to NCPS. This trend was more pronounced in TRS48h and TRS24h. Intensity changes in C-H stretch range might be attributed Fig. 3 Scanning electron microscopy (SEM) images of native chickpea starch (NCPS) and triple retrograded starches (TRS24, TRS48 and TRS72) to the change in the amylose and amylopectin content of starch molecule (Young 1984) . The amplitude of TRSs in the absorption bands between 3100 and 3700 cm -1 (corresponding to the -OH group) was different from that of NCPS. It was due to the gelatinization and retrogradation process, a more precise bonding combination of internal and intermolecular hydrogen might cause the change of amplitude (Flores-Morales et al. 2012 ).
Conclusion
The resistant starch yield of foods depends on the botanical source of the starch and the processing methods. The study indicate that production of RS increased by triple retrogradation. TRS72 found to contain more RS water binding capacity, solubility and lower swelling power and pasting profiles amongst TRSs. The crystalline type changed from C (NCPS) to B (TRS24) and B ? V (TRS48 and TRS72). Irregularly shaped particles formed porous, coarse network in TRSs. FT-IR spectra perceived a slight change in percentage intensity of C-H stretch of triple retrograded starches. These findings suggest structural changes within the starch granules were caused by triple retrogradation which to an increase in the RS content.
